Abstract Recombinant tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is currently under clinical trials for cancer, however many tumor cells, including hepatocellular carcinoma (HCC) develop resistance to TRAIL-induced apoptosis. Hence, novel agents that can alleviate TRAIL-induced resistance are urgently needed. In the present report, we investigated the potential of emodin to enhance apoptosis induced by TRAIL in HCC cells. As observed by MTT cytotoxicity assay and the externalization of the membrane phospholipid phosphatidylserine, we found that emodin can significantly potentiate TRAIL-induced apoptosis in HCC cells. When investigated for the mechanism(s), we observed that emodin can downregulate the expression of various cell survival proteins, and induce the cell surface expression of both TRAIL receptors, death receptors (DR) 4 as well as 5. In addition, emodin increased the expression of C/EBP homologous protein (CHOP) in a time-dependent manner. Knockdown of CHOP by siRNA decreased the induction of emodin-induced DR5 expression and apoptosis. Emodin-induced induction of DR5 was mediated through the generation of reactive oxygen species (ROS), as N-acetylcysteine blocked the induction of DR5 and the induction of apoptosis. Also, the knockdown of X-linked inhibitor of apoptosis protein by siRNA significantly reduced the sensitization effect of emodin on TRAILinduced apoptosis. Overall, our experimental results clearly indicate that emodin can indeed potentiate TRAIL-induced Aruljothi Subramaniam and Ser Yue Loo contributed equally to this work.
Introduction
Hepatocellular carcinoma (HCC) is the most common primary liver cancer, with an estimated incidence of half a million new cases per year around the world [1, 2] . Although surgery remains to be the first choice for HCC treatment, tumor size, hepatic functional reserve and/or portal hypertension may all restrict surgical ablation [3] . First line drugs used for HCC include doxorubicin, fuorouracil, cisplatin, and mitomycin, but most of these are nonselective cytotoxic molecules that exhibit significant adverse effects [4, 5] . Thus, new therapeutic strategies that are safe and effective are urgently needed.
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is currently being tested as therapeutic agent for HCC treatment, but its utility is greatly hampered by the fact tumor cells ultimately develop resistant to the TRAILinduced apoptosis [6, 7] . The exact mechanism(s) responsible for resistance to TRAIL is still not completely understood; however, susceptibility to TRAIL-induced apoptosis can be regulated at several levels in the apoptotic signaling cascades [8] [9] [10] . For instance, dysfunction of DR4 and DR5, overexpression of antiapoptotic proteins, and loss of proapoptotic proteins has all been linked with TRAIL resistance. Activation of mitogen-activated protein kinases [11] , PI3 K/ AKT [12] , nuclear factor-kappa B [13, 14] , and signal transducer and activator of transcription 3 [15] are also reported to mediate TRAIL-induced resistance in HCC cells. Thus, identification of novel sensitizers capable of modulating the expression and/or activity levels of these apoptotic regulators may be an effective strategy for overcoming TRAIL resistance in tumor cells.
In the current report, we investigated whether emodin (1,3,8-trihydroxy-6-methylanthraquinone), an active component found in the root and rhizome of Rheum palmatum L. can potentiate TRAIL-induced apoptosis in HCC cells. Emodin has been previously reported to possess antiviral [16] , antiinflammatory [17] , antiulcerogenic [18] , immunosuppressive [19] , and chemopreventive activities [20] . Interestingly, antiproliferative effects of emodin have been observed in many tumor cell lines, including HER2/neuoverexpressing breast cancer [21] , lung cancer [22] , leukemia [23] , HCC [24] , and neuroblastoma [25] but not in normal cells, suggesting that emodin may have a significant therapeutic efficacy as an anticancer agent. Emodin exerts its pleiotropic anti-cancer effects through diverse mechanisms including the activation of caspase-3 [23] and upregulation of p53 and p21 [26] . Moreover, emodin has been reported to inhibit the kinase activity/activation of p56lck, HER2/neu [21] , casein kinase [27] , NF-jB [28] , activator protein 1 [29, 30] , AKT [30] , matrix metalloproteinases [29, 31] , and the expression of chemokine receptor CXCR4 [32] . Our findings specifically in HCC cells clearly indicate that this quinone can enhance TRAIL-induced apoptosis through the downregulation of antiapoptotic proteins, upregulation of death receptors and the activation of C/EBP homologous protein (CHOP).
Materials and methods

Reagents and antibodies
A 50 mM solution of emodin (from Aldrich), with purity of 99 %, was prepared in DMSO, stored as small aliquots at -20°C, and then diluted further in cell culture medium as needed. Soluble recombinant human TRAIL/Apo2L was purchased from PeproTech. Penicillin, streptomycin, Dulbecco's modified Eagle medium (DMEM), minimum essential modified (MEM) medium, fetal bovine serum and 5-(and-6)-chloromethyl-2,7-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA) were purchased from Invitrogen. b-Actin antibody, N-acetylcysteine (NAC), and glutathione (GSH) were obtained from Sigma-Aldrich. Antibodies against Bcl-xL, Bcl-2, Bax, cFLIP, survivin, XIAP, DR4, DR5, DcR1, DcR2, CHOP, and annexin V staining kit were purchased from Santa Cruz Biotechnology. Bid antibody was purchased from Cell Signaling Technology (Beverly, MA, USA). High purity control (scrambled RNA), CHOP and XIAP small interfering RNAs (siRNAs) were purchased from Santa Cruz Biotechnology. DR5 plasmid was obtained from Addgene and has been described previously [33] .
Cell lines
Human HCC cell line HepG2 was obtained from American Type Culture Collection (Manassass, VA, USA). Hep3B cells were kindly provided by Professor Kam Man Hui at National Cancer Centre, Singapore. HepG2 cells were cultured in DMEM containing 19 antibiotic-antimycotic solution with 10 % FBS. Hep3B cells were cultured in MEM containing 19 Antibiotic-antimycotic solution with 10 % FBS. The primary normal liver cells THLE-2 were kindly provided by Dr. Ho Han Kiat, Department of Pharmacy, National University of Singapore. The cells were cultured in LHC-9 media from Invitrogen supplemented with 5 ng/ml epidermal growth factor and 10 % fetal bovine serum and grown in fibronectin coated culture dishes from BD Biosciences (Heidelberg, Germany, Cat. # 354403).
Live/dead assay Apoptosis of cells was also determined by Live/Dead assay (Molecular Probes, Eugene, OR, USA) that measures intracellular esterase activity and plasma membrane integrity as described previously [34] . Cell viability was quantified under a fluorescence microscope by counting live (green) and dead (red) cells in twenty random fields.
Propidium iodide (PI) staining for flow cytometry Cells were pretreated with emodin (10 lM) for 16 h and then exposed to TRAIL (50 ng/ml) for 24 h. Thereafter cells were washed, fixed with 70 % ethanol, and incubated for 30 min at 37°C with 0.1 % RNase A in PBS. Cells were then washed again, resuspended, and stained in PBS containing 25 lg/ml propidium iodide (PI) for 30 min at room temperature. Cell distribution across the cell cycle was analyzed with a (BD FACSCalibur, BD Biosciences, US).
Cytotoxicity assay
The effects of emodin on TRAIL-induced cytotoxicity were determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) uptake method as described previously [34] .
Annexin V/PI assay
To identify apoptosis, we stained cells with annexin V antibody conjugated with FITC fluorescence dye. Briefly, 5 9 10 5 cells were treated with emodin, TRAIL, or combination of both and then stained with Annexin V-FITC conjugate. Cells were washed in PBS, resuspended in 100 ll of binding buffer containing FITC-conjugated antiannexin V antibody, and then analyzed by flow cytometer (BD FACSCalibur, BD Biosciences, US).
Analysis of cell surface expression of DR4 and DR5 Cells were analyzed for the surface expression of DR4 and DR5 by indirect staining with primary mouse monoclonal anti-human DR4 and DR5 (Santa Cruz Biotechnology) followed by FITC-conjugated mouse anti-goat IgG. Briefly, 4 9 10 5 cells were stained with 200 ll PBS containing saturating amounts of anti-DR4 or anti-DR5 antibody on ice for 30 min.
After incubation, cells were washed twice and reacted with FITC conjugated mouse anti-goat IgG on ice for 30 min. After washing with PBS, the expressions of these death receptors were analyzed by a FACS sorter (BD FACSCalibur, BD Biosciences, US) with FITC conjugated normal mouse IgG as an isotype control.
Western blot analysis
To determine the levels of protein expression, we prepared whole-cell extracts and analyzed by Western blot as described previously [34] .
Transfection experiments with CHOP/XIAP siRNA and DR5 plasmid HepG2 cells were plated in each well of six-well plates and allowed to adhere for 24 h. On the day of transfection, 4 ll of lipofectamine Invitrogen (Carlsbad, CA, USA) was added to 50 nM siRNA in a final volume of 100 ll of culture medium. After 48 h of transfection, cells were treated with emodin for 16 h and then exposed to TRAIL for 24 h. For DR5 overexpression, HepG2 cells were transfected with DR5 and/or pcDNA (control) plasmids and thereafter incubated for 48 h. The cells were then treated with TRAIL (0, 10 and 50 ng/ml) for 4 h, followed by western blot analysis to analyze PARP cleavage.
RNA isolation and reverse transcription
Total cellular RNA was extracted from untreated and emodin treated cells using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) as described previously [34] . For real time PCR, 100 ng/ll of total RNA was transcribed as described above. 
Measurement of ROS
Cells were incubated with emodin with or without NAC for 16 h and thereafter treated with 5 lM 5-(and-6)-chloromethyl-2,7-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA) dye (Invitrogen). After 30 min of incubation, stained samples were then analyzed by flow cytometry (BD FACSCalibur, BD Biosciences, US) with excitation set at 488 nm (FL-1) and cell counter set at 10,000 events. Subsequent data analysis was done by using the WinMDI 2.9 software.
Statistical analysis
Statistical significance was determined using unpaired Student's t test and the probability (p) value \0.05 were considered statistically significant. 
Results
Emodin enhances TRAIL-induced apoptosis
The chemical structure of emodin is shown in Fig. 1a . We first examined the effect of emodin on TRAIL-induced cytotoxicity by using the MTT method, which detects mitochondrial activity. For these experiments, we used HepG2, and Hep3B cell lines. Cells were treated with different doses of emodin and TRAIL alone or in combination for 24 h. As shown in Fig. 1b , after treatment with TRAIL (50 or 100 ng/ml) or emodin (0, 2.5, 5, 10 and 25 lM) for 24 h, cell viability was only slightly decreased. Instead, emodin/TRAIL combined treatments resulted in a marked reduction in cell viability, which was observed under conditions of a fixed emodin concentration and varied TRAIL concentrations or vice versa. Time-dependent experiments indicated that the combination of emodin (10 lM) and TRAIL (50 ng/ml) clearly reduced HepG2 cell viability and after 24 h, cell viability diminished by approximately 60 % (Fig. 1c) . When apoptosis was examined using annexin V/PI staining, we found that 7.2 % apoptosis was induced by emodin alone, 9.8 % by TRAIL alone, and 35.2 % by the combination of the two (Fig. 1d) .
To further confirm the effect of emodin on TRAIL-induced apoptosis, we also analyzed the apoptosis by FACS analysis of the sub-G1 fraction. The results indicated that the emodin and TRAIL treatment alone induced 6.6 and 21.6 % apoptosis, respectively. Combination treatment with both emodin and TRAIL enhanced apoptosis to 50.9 % (Fig. 1e) . Interestingly, we also found that emodin neither alone nor in combination with TRAIL had any significant effect on the viability of primary normal liver THLE-2 cells, thereby clearly indicating selective toxicity of emodin plus TRAIL combination towards tumor cells (Fig. 1f) . Also, based on the isobologram-illustrated results, we found that emodin synergistically enhanced the cytotoxicity of HCC cells when used in combination with TRAIL ( Fig. 1g) . Together, these results clearly indicate that emodin can significantly enhance TRAIL-induced apoptosis in HCC cells.
Emodin down-modulates the expression of antiapoptotic proteins linked to TRAIL resistance How emodin enhances TRAIL-induced apoptosis was investigated next. First, cells were treated with different concentrations of emodin for 16 h and then examined for expression of antiapoptotic proteins using relevant antibodies. The results indicated that emodin down-regulated the expression of XIAP, cFLIP (both long and short form), survivin, Bcl-2, and Bcl-xL (Fig. 2a) .
Emodin upregulates the expression of Bax and modulates the expression of Bid
Whether emodin can modulate the expression of proapoptotic proteins was also examined. We found that emodin up-regulated the expression of Bax and decreased the expression of full length Bid in a dose-dependent manner in HepG2 cells (Fig. 2b) . Also, we noticed that emodin treatment caused an increase in the level of cleaved Bid in HepG2 cells (Fig. 2b) . To explore the underlying mechanism that may be responsible for enhancement of TRAIL-induced apoptosis by emodin, we examined the effect of emodin on the expression of death receptors. Emodin induced both DR4 and DR5 in a dose-dependent manner in HepG2 cells (Fig. 3a) . Whether this induction of the DRs was dependent on time was also examined. We noticed that emodin induced both DR4 and DR5 in a time-dependent manner in HepG2 cells with maximum induction observed at 16 and 24 h (Fig. 3b) . Interestingly, we did not observe a substantial increase in DR4 and DR5 expression upon emodin treatment in Hep3B cells which has p53 mutation ( Fig. 3c) , thereby indicating that p53 may have a role in the induction of DRs by emodin. Next we determined whether emodin can modulate the expression of decoy receptors (DcR). We found that while emodin had no substantial effect on the expression of DcR1, it decreased the expression of DcR2 (Fig. 3d) . Thus inhibition of DcR2 expression by emodin could also contribute to apoptosis by TRAIL. We also investigated whether emodin can induce cell surface expression of TRAIL receptors in HCC cells. We found that emodin increased the cell surface expression of both DR5 and DR4 in HepG2 cells (Fig. 3e) .
The level of DR4 cell surface expression induced by emodin was almost equal to that for DR5. Whether TRAIL receptors are induced by emodin at the transcriptional level was investigated by real time PCR analysis. Emodin significantly upregulated both DR4 and DR5 mRNA expression in a timedependent manner in HepG2 cells (Fig. 3f) .
Emodin-induced up-regulation of DR5 is mediated through induction of CHOP Because CHOP has been linked with the up-regulation of DR5 expression [35] ; we next examined the role of CHOP in emodin-induced DR5 up-regulation. Our results showed that emodin induced the expression of CHOP, with optimal induction occurring around 16-24 h (Fig. 4a) . Knockdown of CHOP using specific siRNA abolishes emodin-induced up-regulation of DR5 expression and its effect on TRAIL-induced apoptosis
To elucidate the functional role of CHOP in emodininduced up-regulation of death receptors, CHOP siRNA was used. Whereas DR5 was up-regulated by emodin in non-transfected and control-transfected cells, transfection with CHOP siRNA significantly abrogated the up-regulation of DR5 (Fig. 4b) . CHOP siRNA had no effect on emodin-induced DR4 expression (Fig. 4b) . We also examined whether the suppression of CHOP by siRNA could abrogate the effects of emodin on TRAIL-induced apoptosis using an esterase-staining assay (the live/dead assay). Emodin had substantially reduced effects (from 34 to 22 %) on TRAIL-induced apoptosis in cells transfected with CHOP siRNA, whereas treatment with control siRNA had no effect (Fig. 4c) . These results indicate that CHOPdependent DR5 up-regulation contributes to the sensitizing effect of emodin on TRAIL-induced-apoptosis.
Effect of ectopic expression of DR5 on TRAIL-induced apoptosis in HCC cells
To characterize the functional significance of DR5 upregulation in TRAIL-induced apoptosis, we used a DR5 expression vector to induce ectopic expression of DR5 in HCC cells. HepG2 cells transfected with the control plasmid (pcDNA) or pcDNA3-DR5 were treated with TRAIL (0, 10 and 50 ng/ml) and then subjected to western blot analysis. As shown in Fig. 4d , overexpression of DR5 in HepG2 cells enhanced TRAIL-induced apoptosis compared with cells transfected with pcDNA alone as evident by the cleavage of PARP. Overall, the result clearly indicates that potentiation of TRAIL-induced apoptosis by emodin can be mediated through the upregulation of DR5 in HCC cells.
Emodin-induced up-regulation of CHOP and DR5 requires ROS
How emodin induces CHOP-DR5 was further investigated. The critical role of ROS in TRAIL-induced apoptosis and in the induction of DR5 by various agents has been demonstrated previously [36] . To understand the roles of ROS in emodin-induced DR5 expression, we examined whether emodin can induce ROS production. As shown in Fig. 5a , treatment with emodin increased the production of ROS. This induction of ROS generation was markedly reversed by pretreatment with ROS scavenger NAC. Whether ROS production is needed for expression of DR5 by emodin, was determined next. For this, we pretreated cells with various concentrations of NAC and then exposed them to emodin for 16 h. We found that emodin significantly upregulated DR5 expression, whereas pretreatment of NAC blocked emodin-induced DR5 protein expression substantially (Fig. 5b) . Glutathione, a thiol antioxidant also abrogated the effect of emodin on DR5 expression (Fig. 5c) . We also determined next whether ROS production mediates emodin-induced CHOP induction. For this, cells were exposed to various concentration of NAC or GSH for 1 h, and then treated with emodin for a further 16 h. As shown in Fig. 5d , emodin markedly up-regulated CHOP expression, whereas the pretreatment with NAC or GSH blocked the emodin-induced expression of CHOP, thus indicating that ROS generation is critical for emodin-elicited CHOP expression.
Blockage of ROS production reversed effect of emodin on TRAIL-induced apoptosis
We next examined whether scavenging of ROS could attenuate the TRAIL-induced apoptosis potentiated by emodin. As shown in Fig. 5e , emodin substantially enhanced TRAIL-induced apoptosis in HepG2 cells, and pretreatment of cells with NAC markedly reduced this emodin-induced enhancement from 36 to 25 %. These results suggest that ROS is indeed needed for the sensitization of cells to TRAIL by emodin.
Downregulation of XIAP attenuates sensitization potential of emodin on TRAIL-induced apoptosis in HCC cells
To evaluate the role of XIAP in emodin-mediated TRAIL sensitization, we treated XIAP siRNA-transfected cells with emodin and TRAIL. In control siRNA transfected cells, emodin significantly enhanced TRAIL-induced apoptosis in a time dependent manner. However, in XIAP siRNA-transfected cells, the sensitizing potential of emodin was comparatively less than observed in the control siRNA transfected cells (Fig. 6 ). These results demonstrate that silencing XIAP dramatically attenuates emodin-mediated sensitization of TRAIL-induced apoptosis, thereby suggesting that XIAP is an important target involved in TRAIL sensitization by emodin in HCC cells.
Discussion
TRAIL ligand is currently considered as a highly promising candidate for cancer therapy, because it induces apoptosis specifically in malignant cells without exhibiting any substantial cytotoxicity towards normal cells [9] . Considerable number of tumor cells, including HCC cells, exhibit resistance to the proapoptotic effect of TRAIL, but their sensitivity to TRAIL can be increased by combining TRAIL with several compounds, including chemotherapeutic agents, proteasome inhibitors and HDAC inhibitors [37] [38] [39] [40] . In the present report, we conclusively demonstrate that emodin, a methyl-anthraquinone can sensitize HCC cells to TRAIL-induced apoptosis. When we investigated the molecular mechanism(s), we found that emodin-induced upregulation of death receptors and downregulation of antiapoptotic proteins. We observed that emodin treatment can induce increase in the protein and mRNA levels of both DR5 and DR4 in a time-dependent manner in HepG2 cells. However, we did not notice a substantial increase in DR4 and DR5 expression upon emodin treatment in Hep3B cells which has p53 mutation, thereby indicating that p53 may have a role in the induction of either DR by emodin. We also demonstrated the upregulation of expression of cell surface death receptors by flow cytometric analysis upon emodin treatment of HCC cells. Moreover, we noticed that the knockdown of DR5 and DR4 by their respective siRNAs effectively inhibited the cell death induced by the combination of emodin and TRAIL, demonstrating the pivotal role of death receptors in the apoptotic process (data not shown). These results are consistent to a previous reported in which another chemopreventive agent, zerumbone was found to enhance TRAIL-induced apoptosis through induction of death receptors in colorectal cancer cells [41] . Our results are also partially in agreement with another study by Kim and coworkers who have previously reported that the inhibition of casein kinase 2 by emodin can sensitize HCC cells to both Fas ligand-and TRAIL-induced apoptosis and also increased the NK cell-mediated tumor cell killing [42] . However, the complete molecular mechanism(s) by which emodin can enhance the apoptotic effects of TRAIL were not elucidated in this report.
In addition to DR4 and DR5, other death receptors called DcR are also involved in the TRAIL-induced apoptotic signaling pathway [43] . While DcR1 prevents the assembly of the death-inducing signaling complex (DISC) by titrating TRAIL within lipid rafts, DcR2 is co-recruited with DR5 within the DISC, where it inhibits initiator caspase activation [44] . We further observed that emodin reduced the expression of DcR2 which makes the availability of ligand for DR4 and DR5 for induction of apoptosis, without affecting the expression level of DcR1 in HCC cells. Another potential mechanism by which emodin can sensitize HCC cells to TRAIL-mediated apoptosis seems to be related to the decrease in the level of various survival proteins. We found that emodin down-regulated the expression of cFLIP, an inhibitor of caspase-8 [45] . Both the short and long forms of cFLIP were equally modulated on emodin treatment. Moreover, the down-regulation of cFLIP by the peroxisome proliferator-activated receptor (PPAR)-c agonist rosiglitazone has been shown to sensitize human renal cancer cells to TRAIL [46] . We also found that emodin substantially down-regulated the expression of Bcl-2, BclxL and survivin in HCC cells. All these proteins have been linked to TRAIL resistance [47] . Recently it was reported that a synthetic cannabinoid, WIN 55,212-2 can also sensitize HCC cells to apoptosis mediated by TRAIL through downregulation of survival proteins, survivin, c-inhibitor of apoptosis protein 2, and Bcl-2 [40] . Additionally, we found dose-dependent down-regulation in XIAP expression upon emodin treatment and the knockdown of XIAP by siRNA abrogated the sensitization effect of emodin on TRAILinduced apoptosis in HCC cells. Similarly embelin, a natural XIAP inhibitor [48] has been found to enhance TRAILinduced apoptosis in pancreatic cancer cells [49] .
However, how these survival proteins are down-regulated by emodin is not clearly understood. Interestingly, most of the antiapoptotic proteins described above are regulated by pro-inflammatory transcription factor NF-jB [50] . Because emodin has been previously reported to inhibit NF-jB activation [28] , it is possible that down-regulation of expression of these proteins is probably due to suppression of NF-jB activation. Also, we have observed that emodin can exert its anticancer effects through the suppression of signal transducer and activator of transcription 3 in HCC cells (unpublished findings) which may also account for its inhibitory effects on various cell survival proteins. When we investigated for other potential mechanisms, we found that emodin substantially up-regulated the expression of Bax and modulated the expression of Bid. The former has been implicated to play a key role in TRAIL-induced apoptosis [51] . Thus the modulation of Bax and Bid expression by emodin could also possibly contribute to TRAIL-induced apoptosis.
Our data further revealed that induction of TRAIL receptors by emodin is mediated through the induction of CHOP. CHOP is a pivotal transcription factor involved in apoptosis induced by diverse stimuli including, DNA damage and chemotherapeutic agents [35] . We observed that emodin treatment induced the expression of CHOP and the knockdown of CHOP gene using the siRNA inhibited the effect of emodin on the induction of death receptors and on the TRAIL-induced apoptosis, thereby implicating the critical role of CHOP in mediating the apoptotic effects of emodin. It has also been reported that oxidative stress plays a key role as a mediator of cell death [52] . ROS generation has been proposed to be involved in the upregulation of DR5 by numerous chemopreventive agents, including curcumin [53] and guggulsterone [54] . In the current study, we also observed that emodin induces the upregulation of DR5 through the production of ROS. The antioxidant NAC abolished the upregulation of DR5 induced by emodin. Therefore, ROS generation is important for emodininduced DR5-mediated apoptosis in cancer cells. Also, the pivotal role of DR5 upregulation by emodin in TRAILinduced apoptosis was confirmed by our data that ectopic overexpression of DR5 can substantially augment cell death induced by TRAIL.
Overall, our data provides the mechanistic evidence that emodin treatment results in potentiation of TRAIL-induced apoptosis through CHOP and ROS-mediated upregulation of DR5, thus rendering HCC cells more sensitive to the cytotoxic effects of TRAIL. Considering that there are only limited treatment options available for HCC and emodin exhibits potent anticancer activities against a wide variety of tumors, additional pre-clinical studies are needed to realize the full potential of this novel drug combination.
